Recent experiments have demonstrated a remarkable amount of specificity in the learning of simple visual tasks in humans, as well as considerable plasticity of receptive fields in the visual cortex of adult monkeys. Here, we tested the specificity of improvement through learning in the performance of human observers on two tasks using almost identical stimuli.
Background
Training can improve performance considerably, even for simple visual discriminations [1] [2] [3] [4] [5] [6] [7] [8] [9] . A number of recent studies have shown that the improvement achieved through training is specific for the orientation of a stimulus, its direction of motion, and its position in the visual field, and sometimes even for the eye used during monocular learning [10] [11] [12] [13] [14] [15] [16] [17] [18] . This type of perceptual improvement after training is defined as learning. One might speculate that learning occurs at a relatively early stage of cortical pattern processing, but this view is under debate.
We investigated whether learning transfers between two stimuli that are very similar indeed. In three-dot vernier and three-dot bisection tasks, the physical zero-point consists of three dots placed on an imaginary line. In the vernier task, observers had to indicate whether the midpoint was offset to the right or to the left relative to this imaginary line, and in the bisection task, they had to indicate whether the midpoint was closer to the upper or to the lower endpoint. During the training on the task, the observer might learn to evaluate more precisely the exact position or 'local sign' of the stimuli [19] , or to fixate or accommodate the eye more precisely. If this were true, one would expect almost complete transfer of the improvement caused by the training from one task to the other. Here, we test this prediction.
Results
In the group who started with the bisection task (group 1), performance improved, as a result of training, in five or six observers ( Fig. 1) , yielding positive slopes of regression lines that were significant in three observers (UB, LK and MB). The group that started with the vernier task (group 2) also improved ( Fig. 2) , yielding four significantly positive slopes. The large variability between observers required investigation of a relatively large sample of subjects and averaging across subjects. Initial mean thresholds were 29.3 ± 2.8 for group 1 and 15.3 ± 1.6 for group 2. The mean values improved from 68 % correct to around 80 % correct (group 1), and from 76 % to 82 % correct (group 2), at the end of the first hour of practice (Fig. 3a,b) .
The means of all observers for all conditions are shown in Figure 3c . As the results of both groups are combined in this graph, each data point of the graph relies on equal numbers of bisection and vernier data; differences between data sets cannot, therefore, be caused by differences in the stimuli. Using only the data of those observers who improved significantly during the first session of training ('learners') yielded very similar results. Using data from other experiments with trained observers, we can translate these differences in mean percent correct to differences in threshold. An improvement of 12 % correct, as obtained on average in these experiments, would translate into an improvement in threshold by a factor of around 1.5 to 2.0.
Performance improved rapidly during the first 10-20 minutes of the first condition, and more slowly thereafter. Overall performance improved from 72 % correct to a peak around 86 %, and deteriorated slightly to 82 % correct thereafter. During the second session, mean performance of all observers improved from a minimum around 66 % correct to a maximum of 82 %. However, the period of rest between the two sessions on subsequent days caused performance to deteriorate slightly; this is evident from the first data point of the second session, immediately to the left of the hatched line in Figure 3 which indicates the transition between tasks. Mean performance decreased from 82 % to 78 % correct during this period of rest.
The transition from bisection to vernier detection, or vice versa, marked a deep deterioration of performance that Percent correct responses of six observers who started with a bisection task. Performance of most observers improved during the 1 h learning period, but learning did not usually transfer to the vernier discrimination task that followed. Observers usually learned the new task at about the same speed as the first task. Vertical hatched lines indicate the transition from bisection to vernier task at the middle of the experiment, and back to vernier for the last block. Tests were usually performed on subsequent daystransition between days took place one block before transition between tasks. Insets show a schematic of the stimuli and the individual levels of offset displayed. The first number indicates the offset used in the first, bisection task, and the second number gives the offset size for the second, vernier task.
was much more pronounced than the one caused by the pause between the first and the second session. Performance for the first and second data points after the transition was even lower than for the first data point of the first session. (However, it should be kept in mind that, before the experiment proper, observers had participated in 80 stimulus presentations of the first task during the threshold measurement.) Reaction times of all observers did not vary significantly during the experiment (data not shown).
Discussion Bisection versus vernier displacement
The greater difficulty of the bisection task relative to the vernier task, demonstrated by our results, is in agreement with previous findings [20] [21] , and has previously been discussed by one of us [22] . The difference in thresholds between the two tasks emphasizes the possibility that different cortical mechanisms might be involved in the two tasks.
Figure 2
Percent correct responses of another six observers, who started with a vernier discrimination task. Performance of most observers improved during the initial 1 h training period, but did not transfer to the new task of bisection discrimination. Learning after the transition had about the same speed as during the first part of the experiment. The first level indicates the offset displayed during the vernier task, the second gives the offset size for the bisection task.
First task versus second task
In spite of large differences between individuals (Figs 1,2), the mean results of all observers showed a clear improvement of correct identifications with practice, for both the first and the second task (Fig. 3) . Linear regressions through the data averaged over all observers (Fig. 3c) yielded slopes of 0.37 ± 0.095 (p = 0.001) for the first task and 0.45 ± 0.113 (p = 0.0009) for the second task. These slopes do not differ significantly from each other -indicating that learning of the second task was not faster than of the first task. As results differed markedly between observers, we also calculated linear regressions through the results of the individual observers shown in Figures 1,2 . Mean slopes of these 12 regressions were 0.36 ± 0.104 (p = 0.01) for the first task and 0.45 ± 0.097 (p = 0.001) for the second. Again, the difference between the slopes for the two halves is not significant. Performance in the first block of the second condition (to the right of the hatched vertical line in Fig. 3 ) was, on average, lower than performance in the last block of the first condition (to the left of the hatched line; p = 0.011). A repeated measures analysis of variance with two within factors (block, sequence) on the original data yielded a significant influence of the factor 'sequence' -whether a task was tested first or second. Surprisingly, however, the effect was due to the performance being worse, rather than better, for the task tested second (first task = 80.8 ± 0.75; second task = 76.8 ± 0.84). This was true even if the results of the 22 nd block (the first block of the second condition) were eliminated from the analysis to compensate for the training of the first condition taking place during the initial threshold measurement.
The fact that performance for the second task immediately after the transition is actually worse than it is initially for the first task suggests that training on a very similar task decreases, rather than increases, performance. This surprising finding is consistent, however, with previous results on orientation specificity of long-term learning, where we found a similar effect [17] . Here, the effect is transitory and disappears after the second block of the second task.
The effect of rest
A possible explanation for the decrease in performance between sessions might be that observers simply forget overnight and have to re-learn during the next day. To demonstrate that this is highly improbable, we replotted data from an earlier study [16] in which observers learned a vernier task on two subsequent days (Fig. 4) Note that here the number of vernier and bisection presentations is equal for each data point. Base-line differences between the two tasks will therefore cancel each other out. The second day of testing started with a last measurement of the first stimulus type (data point immediately to the left of the hatched line).
highly significantly (p < 0.0005). The difference between the second halves is caused by the change of task.
Why no transfer?
Improvement by training therefore does not transfer between the two tasks. Performance on the first block of the new task is even worse than on the first block of the first task -observers trained on a very similar task perform more poorly than observers completely untrained in this type of task. We mentioned one possible explanation: at the beginning of the experiment, thresholds were determined by presenting observers with 80 stimuli of the first type. So observers were already slightly trained on the task when the first data point of the first condition was measured, whereas this was not true for the second condition. But training on one task seems to impair performance on a very similar task, and the difference between the first and second conditions persisted even if the first block of the second condition was eliminated from the analysis. Fahle and Edelman [17] tested long-term learning of vernier acuity and found that, if training was initially for 5 hours on a stimulus in one orientation, 90° rotation of the stimulus caused performance to decrease to values clearly below the initial level of performance. Similar results were obtained by Schoups, Vogel and Orban [23] . At present, one can only speculate about the underlying neuronal mechanisms; observers may follow a strategy learned during the first part of the experiment which is not adequate for the second part ('interference'?).
In addition to learning, fatigue occurring during the course of the experiment might influence the results. The effect of fatigue seems to be stronger in inexperienced observers (for example, during the first session; Fig. 3c ) than after some training during the second session.
To understand how learning can produce improvement in pattern acuity tasks, we need to consider the possible underlying mechanisms. Several lines of evidence suggest that pattern acuity is limited by different mechanisms that depend on the separation of the features involved [22, 24, 25] . When lines or dots are close together, their relative orientation or separation could be computed by the relative activity over populations of cortical cells tuned to orientation or to spatial frequency. The fact that hyperacuity is degraded when the targets are of opposite contrast agrees with the spatial filtering explanation [22] . A simple explanation of learning under this 'filter regime' is that the observer has to find the best population of neurons to perform the task. As vernier discrimination depends upon orientational information, and separation depends upon spatial frequency information, different populations of neurons would have to be used in the two tasks, explaining the lack of transfer between them.
On the other hand, when the components of a vernier or bisection task are separated by more than 10 arcmin, acuity is affected little by the relative contrast sign of the elements, or by supernumerary stimuli elements positioned between them [21, 22] . A possible mechanism is that the retinal position or 'local sign' of each element is encoded independently of other features, and then specific metrical computations of orientation or of separation are based on this positional information within a cortical co-ordinate system [21, 26] . Learning could result in a more accurate mapping of the photoreceptor array on to the cortex. However, this would predict transfer of positional information between the two tasks, which we did not find. The alternative is improved accuracy in the metrical analysis implicitly needed to compute orientation and spatial separation from positional information. That different metrical mechanisms are involved in vernier and spatial separation tasks is indicated by the fact that larger positional shifts are needed in the spatial interval case [20, 21] , and this would explain the lack of transfer of learning.
Our target-component separation separations were 10 arcmin, so it is possible that we were operating in the 'local sign' rather than the 'filter' regime. In either case, however, the learning can be explained without invoking an improvement in retinal-cortical mapping [19] . Another suspicion that is often raised is that the improvement of performance in perceptual learning might be due to training leading to more stable fixation or more accurate accommodation. Our results argue strongly against this type of explanation, as the stimuli of the two tasks we tested were virtually identical, yet observers were unable to generalize from one task to the other.
Performance in the first block of the second session (21 th block, immediately to the left of the hatched line in Fig. 3 ) was, on average, inferior to performance in the last 296 Current Biology 1996, Vol 6 No 3
Figure 4
Means and standard errors of six observers who learned a vernier discrimination task [16] . Conditions were very similar to those described in Materials and methods, but did not change after the 21 st block -they stayed constant over both days.
block of the first session (20 th block in Fig. 3 ). This effect was, however, relatively weak and failed to reach significance (p = 0.09). Obviously, a period of rest, including sleep, does not improve performance for this type of visual task, unlike in other tasks where virtually no improvement occurred during the experiment proper, whereas performance improved considerable after a period of rest or sleep [8, 9] .
Conclusions
We find that perceptual learning is highly specific for the exact task that has been learned, even if the stimuli tested in two different tasks are so similar to each other as to be hardly discriminable by an untrained observer. Our results indicate that learning in the visual system probably does not occur on the level of positional information (local sign) but must be on a level where more specific stimulus features are analyzed. It remains an open question what the anatomical equivalent is of the functional effects described in this and other recent publications on perceptual learning in humans.
Materials and Methods

Experimental apparatus and stimuli
We presented dot stimuli on an oscilloscope screen (Tektronix 608) driven by a 32 bit computer via 16 bit D/A converters. Precision of positioning was in the order of 0.008 mm, corresponding to less than 1 arcsec at the observation distance of 2.0 m. The dots had a diameter of 2 arcmin and a distance of 10 arcmin from each other. Their luminance was 150 cd m -2 on a surround of 5 cd m -2 . Presentation time was constant at 0.15 sec. In the vernier task, observers had to indicate whether the middle dot was offset to the right or left of the imaginary vertical line between the endpoints. In the bisection task, subjects had to judge whether the middle dot was closer to the upper or to the lower dot. In both tasks, subjects indicated their judgements by pressing the appropriate one of two push-buttons.
Subjects and procedure
The 12 subjects participating in the study were all students of Tübin-gen University, aged between 19 and 21 years. They were naive regarding the exact nature of the experiment and had normal, or corrected-to-be-normal visual acuity. Six observers started with the bisection task, the other group of six started with the vernier task. Before the experiment proper, we measured thresholds for each individual observer for the first task by an adaptive staircase procedure [27] , with a total of 80 presentations. Thereafter, stimuli had fixed offsets 10 % smaller than the threshold of the individual observer. The level of offset presented throughout the experiment for each individual observer is indicated in the graphs for both tasks. In 20 blocks of 80 presentations each, we measured the percentages of correct responses for this fixed offset rather than thresholds, as thresholds had proven to be too variable in inexperienced observers for the small block sizes necessary to monitor fast learning processes [28] . In addition, reaction times were recorded. Training continued for 20 blocks that together lasted for 1 h and was usually resumed the next day. The second day's session started with testing one block of the first stimulus condition, in the 21 st block of the experiment (vernier or bisection), followed by a change of task at the 22 nd block (to bisection or vernier). The transition between tasks is indicated in the graphs by a vertical hatched line. Thresholds were about a factor of two higher for the bisection task than for the vernier task under the conditions of our experiment. Therefore, the size of the offsets was doubled in the up/down (bisection) condition compared to the right/left (vernier) condition. Previous studies have shown that there is almost complete generalization between ranges of offset that differ by a factor of two [17] . The second day's session lasted for another hour. At the end, we re-tested the first condition (41 st block). The computer provided error-feedback by means of a tone throughout the experiment.
